Experimental and Numerical Analysis of the Friction Drilling Process
Introduction
Friction drilling, also known as thermal drilling, flow drilling, form drilling, or friction stir drilling, is a nontraditional holemaking method. The heat generated from friction between a rotating conical tool and the workpiece is used to soften the workmaterial and penetrate a hole ͓1,2͔. It forms a bushing directly from the sheet metal workpiece and is a clean, chipless process. Figure 1 shows schematic illustrations of the five steps in friction drilling. The tip of the conical tool approaches and contacts the workpiece, as shown in Fig. 1͑a͒ . The tool tip, like the web center in twist drill, indents into the workpiece and supports the drill in both the radial and axial directions. The friction force on the contact surface produces heat and softens the work-material. The tool is then extruded into the workpiece, as shown in Fig.  1͑b͒ , pushes the softened work-material sideward, and pierces through the workpiece, as shown in Fig. 1͑c͒ . Once the tool tip penetrates the workpiece, as shown in Fig. 1͑d͒ , the tool moves further forward to push aside more work-material and form the bushing using the cylindrical part of the tool. The shoulder of the tool may contact with the workpiece to trim or collar the extruded burr on the bushing. Finally, the tool retracts and leaves a hole with a bushing on the workpiece ͑Fig. 1͑e͒͒. The thickness of the bushing is usually two to three times as thick as the original workpiece. This leaves enough surface area for threading.
All work-material in the friction drilled hole contributes to form the bushing. It eliminates chip generation and is a clean, chipless hole-forming process. Unlike the traditional drilling operation using cutting fluid to reduce friction and heat generation, friction drilling is a dry process. Occasionally, a small amount of cutting fluid is used to avoid material transfer from the workpiece to the tool.
Publications on the subject of friction drilling are limited. Six patents have been awarded: four to van Geffen ͓1-4͔ in 1976 van Geffen ͓1-4͔ in -1980 and later one to Head et al. ͓5͔ and one to Hoogenboom ͓6͔ in 1984. France et al. ͓7-9͔ investigated the strength characteristics of friction drilled holes in metal tubing. Overy ͓10͔ and Bak ͓11͔ discussed the design aspect of the friction drilled holes. Kerkhofs et al. ͓12͔ studied the performance of coated friction drilling tools. The research on the mechanics of the friction drilling process, particularly the measurement and modeling of thrust force, torque, and temperature of the tool and workpiece, is lacking and has become the goal of this research.
In this study, a noncontact infrared ͑IR͒ camera is applied to measure the tool and workpiece temperatures during friction drilling. The InSb-based IR camera setup used in this study can only detect thermal radiation above 250°C. A thermal finite element model is applied to predict the distance of tool travel to reach the threshold temperature after the initial contact. This enables the prediction of workpiece temperature and material properties in the force model. The force model is developed to predict the thrust force and torque generated during the friction drilling process based on the pressure and area of contact between the tool and workpiece. The high temperature in friction drilling changes material properties. The force model applies the experimentally measured temperature to predict the yield stress and contact pressure between the tool and workpiece and to calculate the thrust force and torque.
The experimental setup and process parameters for friction drilling are first introduced in Sec. 2. In Sec. 3, the measured thrust force and torque are analyzed. The infrared camera for temperature measurement and its calibration are discussed in Sec. 4. The thermal finite element modeling is presented in Sec. 5 to predict the tool travel distance for the work-material to reach the 250°C threshold temperature for infrared temperature measurement. The force model is discussed in Sec. 6. Modeling results and comparison with experimental measurements are presented in Sec. 7. of a Kistler model 9272A piezoelectric drilling dynamometer. The thrust force and torque during drilling are measured. The experiment is carried out at 4000 rpm spindle speed and 165 mm/ min constant tool feed speed.
Tool.
The tool is made of WC in a Co matrix. Key geometrical features of the drill are shown in Fig. 3 . The drill consists of five regions:
͑1͒ Center region: The cone-shape center has the angle ␣ and height h c . The angle is usually blunt. The effect of blunting is to generate more force and, therefore, heat at the start of the drilling. The center region, like the web in a twist drill, provides the support in the radial direction for the friction drilling process and keeps the tool from walking at the start of the process. ͑2͒ Conical region: This region has a sharper angle than the center region. The drill in this region rubs against the workpiece to generate the friction force and heat and pushes the work-material sideward to shape the bushing. The angle and length of the cone-shape conical region are marked as ␤ and h n , respectively. ͑3͒ Cylindrical region: This region helps to form the hole and shape of the bushing. The length and diameter of this region are designated as h l and d, respectively. ͑4͒ Shoulder region: The shoulder of this region may touch the workpiece to round the entry edge of the hole and bushing. ͑5͒ Shank region: This is the area of the tool gripped by the tool holder of the machine.
The first three regions ͑center, conical, and cylindrical͒ determine the thrust force and torque as well as the tool and workpiece temperatures during friction drilling. The tool geometry is important to the shape of the bushing and process performance. Dimensions of the friction drill used in this study has d = 7.3 mm, ␣ = 90 deg, ␤ = 36 deg, h c = 0.970 mm, h n = 8.490 mm, and h l = 8.896 mm.
Thrust Force and Torque in Friction Drilling
The measured thrust force and torque in friction drilling AISI 1020 steel are shown in Figs. 4͑a͒ and 4͑b͒, respectively. Under the constant tool feed rate, a peak thrust force of 700 N occurs at 2.5 mm of tool travel from the initial contact with the workpiece. This position of maximum thrust force is marked as A. A separate friction drilling test was conducted to stop and move back the tool at position A. The workpiece was sectioned and polished to reveal the deformation shape, as shown in Fig. 5͑a͒ . The sheet metal workpiece was bent and dented but not perforated. This reveals that the mechanical indentation of the workpiece by the tool tip is the key deformation mechanism at the start of friction drilling. Insufficient heat was generated to soften the work-material due to the low tool peripheral speed at the tip. No discoloration at the indentation of the workpiece was observed to confirm increased workpiece temperature. Low peripheral speed also accounted for the small torque at the beginning of the contact. The torque rapidly rose to 1.5 N m after the tool reached position A.
The thrust force drops rapidly to 300 N, less than half of the peak value, after the tool moved by another 2 mm to position B, 4.5 mm tool travel from contact. Another separate friction drilling test was performed to stop the tool at position B. The deformation of the workpiece is shown in Fig. 5͑b͒ . The workpiece is on the verge of penetration by the tool tip. It indicates that, like the mechanics in conventional drilling ͓13͔, the center of the drill contributes a majority of the thrust force. Change in color was observed inside the hole due to the increased temperature. The torque increased to about 1.7 N m at position B.
In the next 5.3 mm, the tool penetrates to position C ͑9.8 mm tool travel from the start of contact͒ close to the maximum torque condition. From position B to C, the thrust force remains at about 300 N and the torque gradually increases to the maximum at 2 N m. The deformation of the workpiece at tool position C is shown in Fig. 5͑c͒ . The conical region of the tool has perforated the workpiece and pushed the work-material aside to form a bushing. Rings of discoloration were observed inside and outside the hole, indicating the further increase of workpiece temperature. Between tool position C and D, both the force and torque start to decrease. Position D at 12.7 mm, as shown in Fig. 4 , marks the end of friction drilling. The complete hole in friction drilling is shown in Fig. 5͑d͒ . After position D, the force is reduced to almost zero ͑or even negative͒ but torque remains high, in the 1.1-1.4 N-m range, while the tool retracts to leave the hole in the workpiece.
In summary, Fig. 4 illustrates a typical pattern of thrust force and torque for friction drilling at a constant tool feed rate. Partially filtered noise is present throughout the graphs in Fig. 4 . The high peak force is not desirable since it deforms the sheet workpiece and may shorten the tool life.
Workpiece Temperature Measurement
A Raytheon Radiance IR camera system was used to measure the tool and workpiece temperature in friction drilling. The camera system was set up to capture temperature from a side view of drilling. The IR camera has an InSb focal plane array detector with a 256ϫ 256 pixels focal plane array. It is sensitive to thermal radiation wavelength from 3 to 5 m. The IR image capturing was set at 60 frames/ s with 0.1 ms integration time. The ND2 filter was used. The minimum detectable temperature by the IR camera system was 250°C.
Figures 6͑a͒-6͑f͒ show three IR camera images of friction drilling at positions E, F, and D ͑the end of tool forward movement͒ and three IR frames when the tool is retracting from the workpiece. Figures 6͑e͒ and 6͑f͒ show the heated tool exiting from the workpiece. The intensity of a pixel in the image corresponds to the tool and workpiece temperature. The brightest spot with the highest intensity in Fig. 6͑c͒ indicates the maximum temperature of the workpiece.
Because the thermal emissivity of the workpiece and tool material are not known, calibration tests are required to find relationship between the IR intensity and a known temperature. In calibration tests, the tool and workpiece, with a thermocouple attached, were first heated in an oven. During the cooling, the IR camera was used to record the thermal radiation intensity of an object ͑either the workpiece or tool͒ corresponding to the thermocouple temperature reading. Two calibration curves relating the IR intensity and workpiece and tool temperature were generated.
Using the workpiece intensity versus temperature calibration curve, the maximum workpiece temperature in each IR frame could be obtained. Results are shown in Fig. 7 . At the start, there is a time interval, ⌬t, needed for the workpiece to reach the 250°C threshold temperature detectable by the IR camera. The tool travel during ⌬t is designated as ␦. In the next section, a finite element thermal model is applied to predict ⌬t and ␦.
The workpiece temperature gradually increases as the tool moves through the workpiece and displaces the work-material. As the bushing is formed, the workpiece temperature reaches a maximum value of 760°C at 3.2 s from the initial contact. The workpiece temperature then gradually decreases. The peak workpiece temperature is above the crystallization temperature, between 500 to 700°C, of AISI 1020 steel. Metallurgical studies show the grain size of the workpiece is refined near the friction drilled hole.
The tool temperature is difficult to measure since the workpiece material surrounds the tool during friction drilling. In Fig. 6͑b͒ , as the tool enters to the workpiece, the peak tool temperature is about 580°C. In Fig. 6͑f͒ , for the retracting tool, the tool is cooled and peak temperature is estimated at 400°C. A more dedicated experimental setup to aim at the tool tip once it just penetrates the workpiece is necessary to acquire a more accurate estimation of tool temperature.
In Sec. 6, the temperature versus distance of tool travel data is applied to find the temperature-dependent yield stress of the workmaterial to predict the contact pressure for thrust force and torque modeling in friction drilling.
Thermal Finite Element Modeling to Predict ⌬t and

␦
The heat transfer at the start of the friction drilling process was modeled using the thermal finite element method to predict the time ⌬t and distance ␦ of the tool travel for the workpiece to reach 250°C. The ANSYS 7.0 finite element software package and its mesh generator were applied. The finite element mesh, as shown in Fig. 8͑a͒ , consists of the eight-node, eight degree-of-freedom axisymmetric element to model a disk plate. The finite element mesh includes 4073 nodes. The initial contact and heat generation due to friction drilling occur at the top center of the cylindrical disk. The model is semiempirical as the experimentally measured torque is used as an input for the heat flux. Deformation of the workpiece during friction drilling is not considered. The thickness of the plate is 1.2 mm, the same as the workpiece. The radius of the disk is 20 mm, large enough not to influence the temperature results near the center of the disk. Properties of the workpiece are assumed to be temperature-independent. The density is 7870 kg/ m 3 , the heat capacity is 486 J / Kg°C, and the thermal conductivity is 51.9 W / m K. The initial temperature of the workpiece and the surrounding temperature are 25°C. The convection coefficient is set at 40 W / m 2 K. Three time steps, designated as steps I, II, and III, are used to simulate the heat transfer in friction drilling in the first 0.35 s. As shown in Figs. 8͑b͒-8͑d͒ , A 1 , A 2 , and A 3 are the areas in steps I, II, and III, respectively. Tool wear is not considered, i.e., a perfectly sharp tool is used to find the tool-workpiece interface areas.
Step I ranges from 0 to 0.118 s with 0.32 mm tool travel from the start of the tool contact. The interface between a perfectly shaped tool and the workpiece at the 0.32 mm tool travel is marked as A 1 in Fig. 8͑b͒ . A 1 represents a conical surface of the tool tip. A heat flux is applied on surface A 1 from 0 to 0.118 s. The heat flux, q, generated by friction is calculated by
where T is the experimentally measured torque, n is the rotational speed of the drill, A i is the area of tool-workpiece interface, and a is the fraction of frictional energy converted into heat. In the study, n = 4000 rpm and a = 0.9. The ramp-type heat flux, i.e., linearly increasing from zero heat flux at the start of contact to the q at 0.118 s ͑end of step I͒, is applied on the surface A 1 . The experimentally measured torque at 0.118 s is used to calculate q for step I.
Step II ranges from 0.118 to 0.235 s when the tool tip travels from 0.32 to 0.65 mm. As shown in Fig. 8͑c͒ , the interface surface between the tool tip and the workpiece at the 0.65 mm tool travel is marked as A 2 . The step-type heat flux, i.e., uniform from 0.118 to 0.235 s, is applied. The torque T at 0.235 s is used to calculate q for step II.
Step III ranges from 0.235 to 0.35 s. The tool tip travels from 0.65 to 0.97 mm into the workpiece. The step-type heat flux with torque T at 0.35 s is applied.
Results of the maximum surface temperature of the workpiece versus time obtained from the thermal finite element modeling are shown in Fig. 9 . The temperature gradually arises from 25 to 500°C in about 1 s. The temperature reaches 250°C at ⌬t = 0.075 s and ␦ = 0.21 mm. The experimentally measured temperature starting from 250°C is plotted in Fig. 9 . Beyond 250°C, the trend of temperature rising obtained from experiment and simulation match. This validates the finite element estimation of ⌬t and ␦.
Thrust Force and Torque Modeling
A model, based on the pressure and contact area between the tool and workpiece, is established to predict the thrust force and torque in friction drilling. Two elemental shapes used to model the contact area, as shown in Fig. 10 , are the tapered cylinder and straight cylinder.
As shown in Fig. 10͑a͒ , the shape of tapered cylinder is defined by three parameters: two heights, h 1 and h 2 , and an angle, . This angle can be either ␣ or ␤, depending on the center or conical contact region of the tool ͑Fig. 3͒. A uniform pressure p, which can be estimated by the yield stress of the rigid-plastic workmaterial at a given temperature, is acting on the surface. Two coefficients of friction, and a , are defined to calculate forces in the tangential and axial directions. In the tangential direction, the workpiece is sliding on the fast rotating tool surface at surface speed of 1530 mm/ s without lubricant. As investigated by friction stir welding ͓14͔, this results in a relatively high . In the axial direction, the tool is penetrating the workpiece at very slow speed of 4 mm/ s. The a is expected to be lower than .
Equations for thrust force and toque in the tapered cylinder area ͑Fig. 10͑a͒͒ with an inclusion angle can be derived as
3 cos 2
͑3͒
In the straight cylinder area, the thrust force and torque are
Four assumptions are made to simplify the force model:
͑1͒ The tool is perfectly sharp at the tip and all corners. Five parameters that define the perfect tool in Fig. 3 are h c , h n , h l , ␣, and ␤. ͑2͒ The deformation of the workpiece is negligible. ͑3͒ The coefficients of friction are independent of temperature and speed and do not change during the friction drilling process. ͑4͒ No displaced work-material contributes to the force modeling, i.e., only the overlapping area between the tool and undeformed steel sheet is used in the force modeling. This assumption can be justified by the experimental observations that, as shown in Fig. 11 , a blue color strip inside the friction drilled holes is always along the region where the tool contacts the original unformed workpiece. The blue color indicates high temperature and more active contact. The work-material, after being displaced by the rotating tool, is hot. It deforms easily and does not create significant resistance to the deformation.
The contact between the double angle friction drilling tool shown in Fig. 3 and the undeformed workpiece sheet are divided into six stages, as shown in Fig. 12 . Figure 12 shows the geometrical illustrations of different overlapping area between the tool and workpiece during the six stages of friction drilling. The distance of tool travel in the axial direction is designated as h.
Stage 1: Only the center region is contacting the workpiece. As shown in Table 1 , h 1 = 0 and h 2 = h for the center region in stage 1.
Stage 2: Both the center and conical regions are contacting the workpiece. In the center region, h 1 = 0 and h 2 = h c , i.e., the whole center region remains inside the workpiece. For the tool and workpiece used in this study, the thickness of the worpiece, t, is larger than the height of center region, h c . In the conical region, h 1 = h c + h * and h 2 = h + h * , where h * is an offsetting height, as illustrated in Fig. 13 , to calculate heights h 1 and h 2 for the conical region. The h * can be derived as
Stage 3: The center region has penetrated through the workpiece and h 1 = h − t and h 2 = h c . In the conical region, h 1 = h c + h * and h 2 = h + h * . Stage 4: Only the conical region with h 1 = h − t + h * and h 2 = h + h * is in contact with the workpiece. In summary, the input of the model includes: ͑1͒ tool geometry ͑h c , h n , h l , ␣, and ␤͒; ͑2͒ workpiece geometry ͑t͒; ͑3͒ workmaterial temperature-dependent stress-strain properties; ͑4͒ coefficients of friction ͑ and a ͒; and ͑5͒ tool travel from contact ͑h͒. The output of the model is the thrust force and torque. Effects of the strain-rate, deformation of the workpiece, and tool wear are not considered.
An Example of Modeling Results and Comparison With Experimental Measurements
The friction drilling experiment conducted in Sec. 3 is modeled numerically. The measured maximum workpiece temperature in Fig. 7 is used in the temperature-dependent stress-strain relations, obtained from ͓15͔, to determine the yield stress at each point in the model. The yield stress is used to represent the pressure p. In this study, is set at 2.0, which is adopted from the value in friction stir welding ͓16͔. The high coefficient of friction between the fast rotating tool and the stationary workpiece is reasonable since no lubricant was used. The a is set at 0.4.
The thickness of the workpiece, t, is 1.19 mm. Based on Eq. ͑6͒, h * = 2.015 mm. Values for range of tool travel and the h 1 , h 2 , and h 3 from the tool contact with the workpiece in the six stages are summarized in Table 2 . Experimental and modeling results of the thrust force and torque are presented in Fig. 14. Square symbols represent the model-predicted thrust force and torque. These symbols are connected by lines and compared to experimental measurements, which are adopted from Fig. 4 . Ranges of the tool travel in six stages are also marked in Fig. 14 .
The model predicts that the peak thrust force occurs at about 2 mm tool travel. It is smaller than the experimental measurement ͑2.5 mm͒ due to the assumption of no workpiece deformation. Deformation of the workpiece, as shown in Fig. 5 , will delay the tool travel in reaching the peak thrust force. The predicted peak force occurs in stage 3. The magnitude of peak thrust force is about same, 750 N for the model and 700 N for experiment. The drop of the thrust force to about 300 N at the start of stage 4 is successfully predicted in the model. The gradual reduction of the thrust force in stages 5 and 6 is also well predicted.
The model prediction of the torque shows an early rise to 1.6 N m at 2.3 mm tool travel. The experimental measurement shows the torque reaches the same level at 3 mm. The effect of workpiece deformation delays the tool travel from reaching the peak value until late in stage 3. The torque is well predicted in stage 4. In stage 5, when the tool starts to contact the cylindrical region, the discrepancy of torque becomes more apparent. The variation of coefficient of friction due to temperature and speed are the likely causes for such discrepancy. As the tool penetrates into the workpiece, the peripheral speed between the tool and workpiece gradually increases. In the meantime, the workpiece and tool temperatures rise significantly. Only one coefficient of friction in the radial direction, , is used to cover such wide range of contact conditions. More detailed investigations of the tribological phenomenon between the tool and workpiece are required for more accurate prediction of torque in friction drilling. When the tool is retracting ͑distance from contact from 12.7 to 14.4 mm͒, the torque is still measurable in the range between 1.1 and 1.4 N m. This indicates the existence of residual pressure on the tool after the hole is formed. The torque in this stage is not modeled.
Conclusions
Experimental analysis and modeling of the friction drilling process were conducted. Experimentally measured thrust force and torque under constant tool speed were measured and analyzed. The workpiece and tool temperatures were measured using an IR camera. A mathematical model based on the contact area between the undeformed workpiece and the rigid, unworn tool was proposed. The temperature-dependent stress-strain properties of the work-material were included in the force model. The modelpredicted thrust force and torque had good correlation with ex- perimental measurements. Some discrepancies still existed and showed the limitation of the simplified friction model used in this study. This research studied the mechanics in friction drilling. More comprehensive models based on the finite element method is required. The model will require better understanding of the tribological phenomenon, heat partition between the tool and workpiece, and prediction of coefficients of friction in radial and axial directions. Research work has been conducted across different work-materials and will be further extended to friction drilling with variable tool feed rate for process parameter and tool geometry optimization.
